This paper describes a chemotaxonomic analysis of a database of triterpenoid compounds from the Celastraceae family using principal component analysis (PCA). The numbers of occurrences of thirty types of triterpene skeleton in different tribes of the family were used as variables. The study shows that PCA applied to chemical data can contribute to an intrafamilial classification of Celastraceae, once some questionable taxa affinity was observed, from chemotaxonomic inferences about genera and they are in agreement with the phylogeny previously proposed. The inclusion of Hippocrateaceae within Celastraceae is supported by the triterpene chemistry.
The Celastraceae sensu lato has been characterized by the production of terpenoids [19] , especially dihydroagarofuran sesquiterpene polyol ester, alkaloids, friedelane triterpenoids and some unusual substances, such as dimers and trimers of sesquiterpenes, diterpenes and triterpenes [20] . The most well known biogenetic feature is the production of quinonemethides, a kind of nortriterpenoid that belongs to a small group of unsaturated and oxygenated D:A-friedo-nor-oleananes. They are also known as "celastroids", as they are confined to This subfamily is grouped in Hippocrateoideae in Halle's classification for the Celastraceae sensu lato [2] .
Celastraceae and Hippocrateaceae [21] . In order to deal with a great number of compounds and botanical information in a chemotaxonomic study, the use of multivariate statistical methods as principal component analyses (PCA) has been implemented little by little. This powerful tool enables a reduction in the size of the data without a significant loss of information [22] . In this paper, PCA was employed in a chemical database developed for triterpenoids and used to investigate some intergeneric relationships in Celastraceae.
The occurrences of the triterpenes in the Celastraceae were extracted from Chemical Abstracts using "triterpenes" and "triterpenoids" as keywords. A few triterpenes were also found in articles not indexed by these keywords. The number of occurrences (NOC) of a chemical class of natural compounds j (CLA j ) is calculated as follows: Consider, for example, CLA j = a class of compounds j, such as triterpenes; x 1 , x 2 , x 3 = three specific compounds of CLA j ; n i = number of times each compound belonging to the class CLAj was isolated in a certain taxon, such as genus, species, tribe. Thus, NOC CLAj = n 1 .x 1 + n 2 .x 2 + n 3 x 3 in the taxon.
In higher hierarchical levels, such as tribe, the NOC is the sum of the NOCs of all genera in the tribe, and thus successively for subfamily, etc. The data obtained from the literature search were used to build a database containing 664 botanical occurrences of triterpenes, whose structures were coded by the program DATASIS of our expert system SISTEMAT [23] [24] [25] .
Members of Celastraceae s.s. were grouped by tribes according to Loesener [8] , and members of Hippocrateaceae as in Hallé's floras [2, 10] . The study was developed with six tribes -Cassineae (CAS), Celastreae (CEL), Euonymeae (EUO), Lophopetaleae (LOP), Hippocrateeae (HIP) and Salaciae (SAL). These contain 96% of the reported triterpene occurrences in the family.
The first routine of the SISTEMAT system [25] [26] [27] [28] showed the number of occurrences for each triterpene skeleton grouped by genus and, consequently, by tribe and subfamily. Table 2 shows a summary of triterpene occurrences by tribes of Celastraceae.
So, from this procedure, 30 skeletal types of triterpene were encountered in the family, with 638 records obtained from 30 genera. The remaining occurrences were not used in this study because they were encountered in genera whose tribal classification was not established.
The data matrix was analyzed through PCA and PLS methods [29, 30] employing the commercial software Unscrambler TM trying to obtain chemotaxonomic relationships among the tribes and genera as well as to verify the occurrence of the skeleton production in chemical equilibrium. This fact was observed in the production of various chemical markers in the Asteraceae [22, [31] [32] [33] . Analysis for all genera chemically studied in the Celastraceae utilized the occurrences of skeleton 1 and the others twenty-nine skeletons as independent and dependent variables, respectively. The data were standardized according to average value for the taxon and the results are shown in Figures 1 and 2 . From these data, a good correlation was not observed for the prediction of skeleton 1 in genera and the statistical parameters obtained were R= 0.852 for the calibration curve and R = 0.623 for the validation, using the "leave-one-out" cross-validation method [34] . However, from this first approach one can verify that various skeletons and some genera show either low occurrence numbers or lack triterpene occurrences. Therefore, the correlation between these skeletons will be high, but will not possess significance either from a statistical or taxonomical point of view.
The Partial Least Squares (PLS) method was the option used to resolve this problem, once irrelevant correlations were eliminated [29] . Consequently, only six skeletons ( Figure 3 ) and 23 genera were selected for the new analyses. Table 3 shows the skeleton occurrence numbers for each genus selected by this study.
The six skeletons shown in Figure 3 were found mainly in the quinonamethide triterpenoids, i.e., triterpene structures pertaining to the small group of unsaturated, oxygenated and highly oxidized D:A-friedo-nor-oleanane skeleton. This chemical profile is restricted to the Celastraceae family that shows a and their respective skeletons [21] . Secondly, the new approach with 23 genera and six of the skeletons previously selected (Figure 3 The occurrences obtained from the species of Celastraceae were utilized to build a model explaining taxa relationships among the genera. For that, the phylogenetic analysis of the family inferred from the 26S nuclear ribosomal DNA gene, as well as several other DNA regions, in addition to morphology, published by Simmons [7] , was used to compare with the chemical data analysis. However, some genera used in the cladistic analysis do not have published phytochemical data. Therefore, the principal component analysis (PCA) was developed with 18 genera exhibited in both studies, and the results obtained are shown in Figures 6 and 7 .
Analyzing Figure 6 , two large groups of genera can be recognized. These groups were observed too in the phylogeny of the Celastraceae inferred from 26S nuclear ribosomal DNA gene and other DNA regions, in addition to morphology [7] . The first group, assigned in the top of Figure 6 , can be chemically characterized by the non-production of the 26(14→15)-abeo-24-D:A-friedo-nor-oleanane (skeleton 3, Figure 3 ) and low production of the lupane skeleton (skeleton 5, Figure 3 ). The production of compounds derived from the lupane skeleton is very common when triterpenoids are encountered in plants. The second group, delimited in the bottom of Figure 6 , may be identified by the production of all skeletal types of triterpenes, with the exception of skeleton 3.
The out-group formed by the genera Pristimera, Mortonia and Elaeodendron do not produce the quinonamethide triterpenoids pertaining to skeletons 1, 2 and 3, and exhibit a preference for D:A-friedooleanane (skeleton 4, Figure 3 ) as opposed to oleanane skeleton production (skeleton 6, Figure 3) , which is the biogenetic precursor of skeleton 4. Therefore, this outgroup has been recognized since Pristimera, as currently defined, is not resolved as a natural group and Mortonia is an early derived lineage within Celastraceae [7] .
Comparing the PCA and cladistic analyses one can verify the score plot of the genera defined by the principal components PC1 / PC2 (Figure 6 ), which shows that Cassine s.s., as defined by Archer and van Wyk [35] , is supported as being distinct from Elaeodendron. The distinction has also been supported by variations in pollen, bark and wood anatomy [36] [37] [38] , and, now, by chemistry. Cassine s.s. produces quinonamethide triterpenoids derived from 24, 29-D:A-friedo-dinor-oleanane (skeleton 1, Figure 3 ), while Elaeodendron does not produce this type of triterpenoid. On the other hand, Elaeodendron exhibited a high accumulation of 24-D:A-friedonoroleanane (skeleton 4, Figure 3 ), a biogenetic precursor of skeleton 1. Thus, the genus maintains the methyl group between the A and B rings suggesting impediment in the production of quinonamethide triterpenoids.
Our results support the distinction of Gymnosporia from Maytenus (Figure 6 ), in agreement with the work of Jordaan & van Wyk [7] and Simmons [39] . Maytenus produces a high diversity of substances and skeleton types, while Gymnosporia species appear to produce low concentrations of compounds with the oleanane skeleton (skeleton 6, Figure 3 ).
The Cheiloclinium genus is encountered in the left of Figure 6 as another outgroup. Accumulation of quinonamethide triterpenes (skeletons 1-3) and the absence of lupane and oleanane skeletons (skeletons 5 and 6, respectively in Figure 3 ) have been observed for this genus. In the phylogeny of the Celastraceae inferred from 26S nuclear ribosomal DNA gene, as well as several other DNA regions, in addition to morphology [6, 7] , this genus was shown to be in the same clade as Peritassa and Salacia. This cannot be inferred from the chemical data. However, the few published phytochemical studies on Cheiloclinium species have corroborated this observation.
Some authors [13, 18] have argued that the genera Lophopetalum and Kokoona are transitional between Celastraceae s.s. and Hippocrateaceae due to some morphological characteristics. Recently, in a phylogeny study based on gene sequence and morphology [7] , the author concluded that Kokoona is the sister group of Hippocrateaceae, while Lophopetalum is allied with the subfamily Salacioideae. From the chemical data, the assertion that Kokoona is closer to Hippocratea can be justified ( Figure 6 ).
By comparison of the PCA and cladistic analyses for the various tribes one can verify the score plot of the tribes defined by the principal components PC1 / PC2 (Figures 8 and 9 ), which show that Hippocrateeae (HIP) is closer to Cassinoideae (CAS) and Salacioideae (SAL). The analysis shows that all the tribes are closely linked. This fact corroborates the idea of a unified family, in line with recent workers who have included Hippocrateaceae within Celastraceae [2, 6, 7, [12] [13] [14] [15] [16] [17] [18] .
The Celastraceae family contains around 1000 species distributed in approximately 100 genera [4] of which only 206 species have been investigated chemically. The chemical studies that have been conducted have usually been directed towards the search of one determined secondary metabolite class making it difficult to analyze for chemotaxonomic significance. Therefore, the number of phytochemical studies of the Celastraceae should be increased and other chemotaxonomic markers added. However, until that moment, with the compiled data concerning the triterpenes isolated from the family, especially quinonamethide triterpenes, it has been verified that the positioning of the genera and tribes is similar to that proposed by Simmons et al. [6, 7] using data from 26S nuclear ribosomal DNA, phytochrome B, rbcL, atpB, and morphology. Some questionable taxa affinity could be observed from chemotaxonomic inferences about genera and they are in agreement with previously proposed phylogeny. The phytochemical data also suggest that Loesener's classification of Celastraceae sensu stricto and Hallé's classification of Hippocrateaceae are artificial, since there is little difference in their triterpene chemistry, which supports the inclusion of Hippocrateaceae within Celastraceae.
